ABSTRACT : Fundamental concept for low emission engines in the present study is utilization of alternative fuels such as natural gas and methanol with low evaporation temperature for reducing smoke, and high EGR engine operation for reducing NOx. The final goal is to achieve the extremely low levels of both NOx and smoke without deteriorating high thermal efficiency in a dual fuel diesel engine. Natural gas or methanol was charged into the suction air, and a small amount of gas oil as an ignition source was injected directly into the combustion chamber of a four-cylinder DI diesel engine. The injection amount of gas oil, intake temperature, compression ratio and EGR ratio were changed in the experiments. The effects of these parameters on ignition delay, maximum rate of heat release, knock limit and misfire limit were clarified for the premixture of natural gas or methanol respectively.
INTRODUCTION
In various methods for reducing both NOx and particulate emissions in diesel engines, natural gas (Agarwal, et al. [ 1 ] ), dimethyl-ether (Kajitani, et al. [2, 3 ] ), methanol (Ishida, et al [4] ), and Fischer-Tropsch diesel fuel (Johnson, et al.[5] ) have been investigated as alternative fuels for low emission diesel engines. Recent researches into NOx reduction and thermal efficiency improvement in diesel engines have shown that a homogeneous charge compression ignition (HCCI) will be a promising way to accomplish these targets. Since natural gas easily forms a uniform mixture in HCCI engines, and also methanol as the oxygenated fuel forms a premixture due to the low evaporation temperature, smoke emission can be reduced markedly. However, it is necessary to control both the ignition timing and the burning rate appropriately because the self-ignition temperatures of natural gas and methanol are much higher than that of gas oil.
Targets of the present study is to clarify ignition characteristics, knock limits and misfire limits of natural gas and methanol premixtures respectively in a dual fuel diesel engine assisted with gas oil as an ignition source.
In the combustion tests, natural gas was charged into a mixing chamber upstream of the intake manifold, on the other hand, methanol was injected by using an injector installed far upstream of suction port to obtain a homogeneous charge, which is denoted here as "Premixed Charge". On the other hand, in order to investigate the effect of non-uniformity of the methanol premixture on ignition and combustion, methanol was injected into the suction port of each cylinder, which is denoted as "Port Injection".
EXPERIMENTAL APPARATUS
The test engine was a naturally aspirated direct injection diesel engine as shown in Table 1 , which was the type 4JB 1-2 manufactured by ISUZU Motors Ltd. Compression ratio was changed from the original one of 18.2 to 17.2 and 16.2. A special VE-type fuel injection pump was used being able to adjust the injection timing of gas oil optionally. Gas oil injector was a conventional multi-hole nozzle having four holes of 0.28 or 0.20 [mm] diameter, and the opening pressure of needle valve was set at 18.5 [MPa] . A dual fuel engine system used here is shown in Fig. 1 . A gas mixer was installed upstream of the intake manifold for obtaining complete mixing of natural gas and/or the EGR gas with intake fresh air. On the other hand, four gasoline injectors were built up at each suction port for methanol injection through a common-rail with a rail-pressure of 0.5 [MPa] . Injection timing of methanol was fixed at the suction valve opening, and injection amount was changed by injection duration with help of digital computer. In the premixed charge system, methanol was injected continuously through a single gasoline injector along the axis of suction pipe. over continuous 350 engine cycles.
RESULTS AND DISCUSSION
3.1 Combustion of Natural Gas 3.1.1 Effect of gas oil injection amount on misfire limit One of the key concepts for reducing smoke is to minimize an injection amount of gas oil maintaining stable ignition of premixture. Figure 2 shows the minimum injection amount of gas oil for ignition, in other words, the misfire limit in the cases of Pme=0.33 and 0.58 [MPa] . The minimum injection amount of gas oil becomes smaller with increasing TIN and Pme. Figure 3 shows changes in exhaust emissions and fuel consumption as Pme increased, where the parameter GGO is changed from 3.43 to 2.45 and 1.47[mg/st.]. "be[g/kWh]" denotes the fuel consumption reduced by the lower heating value of gas oil. The upper line denotes the fuel consumption in total, and the lower line corresponds to gas oil alone. Smoke density is very low in all three cases due to a small amount of gas oil, and both smoke and NOx are decreased with decreasing GGO, while THC and fuel consumption are hardly affected. It is, however, noticed that NOx increases propagation", and the knock onset of natural gas is dependent almost only on the in-cylinder mean gas temperature at the 2nd peak timing.
3.2 Combustion of Methanol 3.2.1 Effect of injection amount of gas oil on misfire limit Figure 6 shows the misfire limit at Pme=0.33 [MPa] . The minimum injection amount of GGO becomes smaller as the intake temperature TIN_m increases, which is the same trend as the natural gas case but much larger compared with the natural gas case shown in Fig.2. Figure 7 shows exhaust emissions and fuel consumption versus Pme, and the parameter is compression ratio in combination with the different methanol charge method. Both smoke and NOx are lower in the premixed charge case compared with the port injection one because a mixture having more homogeneity must be formed in the former case. It is noticed that the higher limit of knock load is attained in case of the lower compression ratio with the premixed charge.
Ignition delay and knock limit
Figures 8(a) and (b) show a comparison of combustion time-histories between the premixed charge and the port injection, where the Pme or the equivalence ratio of methanol was changed under the constant GGO condition. The ignition delay hardly varies in the cases of the port injection. On the other hand, it increases markedly in the cases of the premixed charge due to fall of intake temperature caused by the cooling effect of methanol evaporation. In addition, a uniform combustible mixture composed of gas oil and methanol seems to be formed during a long ignition delay, judging from the fact that the first peak of the heat release curve is integrated to Fig.6 Effect of injection amount of gas oil on (5) A marked improvement in the trade-off between NOx and smoke is achieved in both low and high loads mainly by the premixed charge of natural gas or methanol under a minimum injection amount of gas oil and a high EGR ratio. 
